Although data from our laboratory and others suggest that nitric oxide (NO) exerts an overall inhibitory action on high-voltageactivated Ca 2ϩ channels, conflicting observations have been reported regarding its effects on N-type channels. We performed whole-cell and cell-attached patch-clamp recordings in IMR32 cells to clarify the functional role of NO in the modulation of N channels of human neuronal cells. During depolarizing steps to ϩ10 mV from V h ϭ Ϫ90 mV, the NO donor, sodium nitroprusside (SNP; 200 M), reduced macroscopic N currents by 34% ( p Ͻ 0.01). The magnitude of inhibition was similar at all voltages tested (range, Ϫ40 to ϩ50 mV). No significant inhibition was observed when SNP was applied together with the NO scavenger, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide potassium salt (300 M), or after cell treatment with the guanylate cyclase inhibitor, 1H- channel open probability by 59% and increased both the mean shut time and the null sweep probability, but it had no significant effects on channel conductance, mean open time, or latency of first openings. These data suggest that NO inhibits N-channel gating through cGMP and PKG. The consequent decrease in Ca 2ϩ influx through these channels may affect different neuronal functions, including neurotransmitter release.
Nitric oxide (NO) is a highly reactive free radical species that acts as a nonconventional intercellular messenger in both the central and peripheral nervous systems. It plays an important functional role in synaptic plasticity phenomena (Schuman and Madison, 1994; Kemenes et al., 2002) and reportedly influences the transmission of sensory information (Haley et al., 1992) , including acoustic and proprioceptive signals (Grassi et al., 1995; . Many of the effects of NO in the nervous system are related to its action on ion channels. This gaseous molecule can spread, in fact, from its site of production and act in adjacent cells, either directly or through second messengers, on various protein substrates, including ion channels. Its influence on Ca 2ϩ -activated K ϩ channels (Bolotina et al., 1994) , Na ϩ channels (Li et al., 1998) , and Ca 2ϩ -activated Cl Ϫ currents (Waniishi et al., 1998) has been well documented, and several reports suggest that it is also involved in the modulation of high-voltage-activated (HVA) Ca 2ϩ channels [references in Carabelli et al. (2002) ]. In previous studies, we have found that NO donors and cGMP analogs significantly reduce the amplitude of macroscopic currents flowing through both L-and P/Q-type Ca 2ϩ channels in rat insulinoma RINm5F cells (Grassi et al., 1999a) . More recently, using cell-attached patch recording, we demonstrated that NO also markedly inhibits L-channel gating in bovine chromaffin cells through an increase in intracellular levels of cGMP with consequent activation of protein kinase G (Carabelli et al., 2002) .
Although experimental evidence from our laboratory and others suggests that the action of NO on HVA Ca 2ϩ channels is predominantly one of inhibition, its specific effects on N-type channels are less clear. Several investigators have suggested that Ca 2ϩ influx through these channels is enhanced to some degree by NO donors (Kurenny et al., 1994; Chen and Schofield, 1995; Hirooka et al., 2000) . However, more recent findings published by Yoshimura et al. (2001) indicate that, in dorsal root ganglion neurons, NO might actually inhibit N-type Ca 2ϩ channels. These apparently contradictory data prompted us to take a closer look at the effects of NO on N-type Ca 2ϩ channels. The present study was conducted at the levels of both macroscopic currents and single channels in an attempt to clarify the nature of the modulatory effects of NO on the N channels of human neuronal cells. We found that the N channels of neuroblastoma IMR32 cells are inhibited by NO, and the mechanism underlying this effect is similar to that described for neuroendocrine L channels (Grassi et al. 1999a; Carabelli et al., 2002) ; i.e., the effect is mediated by cGMP and protein kinase G (PKG), and it consists of a reduction in the channel open probability and an increase in closed times, which are not associated with significant changes in either channel conductance or mean open time.
The preliminary results of the present study have been published previously in abstract form .
MATERIALS AND METHODS
Cell cultures. Human neuroblastoma IMR32 cells were grown in minimum essential medium (Biochrom KG, Berlin, Germany) supplemented with 10% heat-inactivated fetal bovine serum (HyC lone, L ogan, UT), 100 I U/ml penicillin, and 100 g /ml streptomycin (Invitrogen, Grand Island, N Y) . For electrophysiological recordings, cells were plated at a concentration of 10 4 /cm 2 in 35-mm-diameter plastic Petri dishes and cultured at 37°C in an atmosphere of 5% C O 2 in air. C ell differentiation was induced by 1 mM dibutyryl cAMP and 2.5 M 5-bromodeoxyuridine (Sigma, St. L ouis, MO), which were added to the culture medium three times per week, starting from the day after plating.
W hole-cell recordings. Macroscopic Ba 2ϩ currents were recorded using the patch-clamp technique in whole-cell configuration (Hamill et al., 1981) with an Axopatch 200B amplifier (Axon Instruments, Foster C ity, CA). Electrodes were fabricated from thin-wall borosilicate glass capillaries (C lark Electromedical Instruments, Pangbourne Reading, UK) using a model P-97 Flaming-Brown micropipette puller (Sutter Instruments, Novato, CA), and they were fire polished on a microforge (Narishige Scientific Instrument Laboratory, Tokyo, Japan) before use. The final resistance of the electrode (i.e., after filling with the standard internal solution described below) was 3-5 M⍀. Stimulation and data acquisition were performed with the Digidata 1200 series interface and pCL AM P 6.0.3 software (Axon Instruments). Currents were filtered at 5 kHz with an eight-pole low-pass filter. C apacitative transient and leakage currents were compensated on-line using the clamp-amplifier settings and off-line by subtraction of C d 2ϩ -insensitive (200 M Cd 2ϩ ) currents. Before electrophysiological recordings, the culture medium was removed and replaced with T yrode's solution containing (in mM): 150 NaC l, 4 KC l, 2 MgC l 2 , 2 CaCl 2 , 10 glucose, and 10 H EPES; pH was adjusted to 7.4 with NaOH. The external solution was (in mM): 125 NaC l, 10 BaC l 2 , 1 MgC l 2 , 10 H EPES, and 0.0001 tetrodotoxin (TTX) to block Na ϩ currents; pH was adjusted to 7.3 with NaOH. The standard internal solution contained (in mM): 110 C sC l, 10 tetraethylammonium chloride (TEA-C l), 2 MgC l 2 , 10 EGTA, 8 glucose, 10 H EPES, and, to minimize current rundown during experiments, 4.0 ATP magnesium salt, 0.25 cAM P sodium salt, and 4.0 phosphocreatine disodium salt; pH was adjusted to 7.3 with C sOH.
Solutions containing the different test agents were exchanged by means of a perf usion system consisting of a multibarreled pipette placed within 100 m of the patched cell and connected to four syringes by means of Teflon tubes. The gravity-regulated flow rate, 0.3-0.5 ml /min, allowed the complete renewal of the extracellular environment in Ͻ1 sec. The cell membrane was depolarized every 10 sec (pulse duration, 100 -140 msec) at voltages ranging from Ϫ40 to ϩ50 mV from the holding potential (V h ) of Ϫ90 mV. To isolate H VA currents, each depolarizing pulse was preceded by a 30 msec pulse at Ϫ40 mV, which is normally sufficient for complete inactivation of low-voltage-activated (LVA, T-type) C a 2ϩ channels. Unless specified otherwise, the data presented below refer to the effects of test agents on Ba 2ϩ currents elicited by depolarization at ϩ10 mV. In some experiments, current density (picoamperes/picoFarads) was estimated by dividing current amplitude by membrane capacitance, measured by the C slow compensation setting of the patch-clamp amplifier.
Cell-attached recordings. Unitary activity of N-type C a 2ϩ channels was recorded in the cell-attached configuration (Hamill et al., 1981) using the Axopatch 200B amplifier. Electrodes were pulled from thick borosilicate glass capillaries (Hilgenberg, Mansfield, Germany) and coated with Sylgard 184 (Dow Corning Corporation, Midland, M I). Their final resistance (after filling with the recording solution) ranged from 4 to 9 M⍀. The pipette solution contained (in mM): 100 BaC l 2 , 10 TEA-C l, 1 MgC l 2 , 10 Na-H EPES, 0.0003 TTX, and 0.005 nifedipine for blockade of L -type channels (pH adjusted to 7.3 with TEAOH). The cell-attached condition was achieved with the cell bathed in T yrode's solution. Membrane potential was zeroed by perf using the cell with a control solution containing (in mM): 135 K Asp, 1 MgC l 2 , 10 H EPES, 5 EGTA, and 0.0003 TTX (pH adjusted to 7.3 with KOH). The perf usion system described above was used for exchange of drug-containing solutions.
Current traces were acquired at 10 kHz and filtered on-line at 2 kHz. Membrane stimulation and data acquisition were performed with pCL AM P software. N-channel activity was recorded after delivery of 120 -500 msec depolarizing pulses at ϩ10, ϩ20, and ϩ30 mV from V h ϭ Ϫ80 mV. Consecutive depolarizations were applied every 6 sec for 6 -10 min. For all groups of experiments, the data shown refer to the first 6 min recording: the first minute under control conditions followed by 5 min in the presence of the test drugs.
Data anal ysis. Data were analyzed with TAC and TACFI T software (version 3.04; Bruxton Corporation, Seattle, WA). Fast capacitative transients were minimized on-line by means of patch-clamp analog compensation. Uncorrected capacitative currents were eliminated by averaging sweeps with no channel activity (nulls) and subtracting them from each active sweep. Event detection was performed with the 50% threshold detection method, and each transition was visually inspected before being accepted.
In experiments performed to evaluate the effects of 8-bromoguanosine-cGM P (8-Br-cGM P) on the channel open probability, data analysis also included patches in which the activity of more than one channel was recorded. In these multichannel patches (n ϭ 7), the open probability, indicated as N Po, was calculated by adding the duration of single, double, and even triple openings and dividing the sum by the duration of the analyzed time interval (Lambert and Feltz, 1995) . In evaluation of the N Po, the first and the last closures were excluded; analyses were made with and without inclusion of null sweeps. Mean N Po values were obtained by averaging the data collected over 30 sec periods. Changes in the null sweep probability during application of 8-Br-cGM P were also estimated.
Patches containing unitary openings (n ϭ 5) were used to study the effects of 8-Br-cGM P on the single-channel open probability (Po), mean open time, mean closed time, and latency of the first opening at ϩ20 mV. In this group of experiments, depolarizing pulses lasting 500 msec were used to obtain better resolution of the longest closed time component. The Po was evaluated, as described above, after exclusion of the first and last closures. Histograms representing open and closed times were plotted on square root-log coordinates and constructed as described previously (C arabelli et al., 2002) . Data were not corrected for missed events, and the distributions of open and closed times were fitted by the sum of decaying exponential. As far as the open time distribution is concerned, unitary data events from patches containing more than one channel were also included in the analysis to increase the number of studied events. The mean amplitude of the unitary current was determined by fitting the amplitude histograms with a Gaussian distribution. The unitary conductance was evaluated by linear regression of the mean unitary currents recorded at voltages ranging from ϩ10 to ϩ30 mV.
All of the experiments were performed at room temperature (22-24°C). Data are presented as means Ϯ SEM. Student's t test was used for statistical analysis, and p values Ͻ0.05 were considered significant. The statistical significance of N Po changes observed during cell exposure to 8-Br-cGM P was assessed by ANOVA for repeated measurements.
In experiments aimed at evaluating the effects of the NO donor, sodium nitroprusside (SN P), the drug was added to the external solution, and the cell preparation was exposed to a fiber-optic light to induce NO production from SN P breakdown (Bates et al., 1991) . In the preliminary phase of the study, the possible effects of this light on the recorded currents (caused by the breakdown of nifedipine in the external solution) were specifically excluded. Current amplitude and kinetics in 5 min recordings obtained while the light was on were not significantly different from those of control recordings made before switching on the light (data not shown). After each trial in which SN P or analogs/antagonists of the NO-induced second messengers were used, the culture dish was replaced, and f urther recordings were obtained from cells that had not been challenged previously with any drugs.
Drugs and solutions. The following compounds were used: SN P (20 -200 M, Sigma), 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide potassium salt (carboxy-P TIO, 300 M; Affiniti Research Products, Mamhead, UK), 8-Br-cGM P (400 M; Sigma), 1H-[1,2,4] oxadiazole [4,3-a] quinoxalin-1-one (ODQ, 10 M; Alexis Corporation, Läufelfingen, Switzerland), K T5823 (1 M); guanosine 3Ј,5Ј-cyclic monophosphorothioate, 8-(4-chlorophenylthio)-Rp-isomer, triethylammonium salt (Rp-8-pC P T-cGM PS, 20 M) (C albiochem, C N Biosciences, Darmstadt, Germany), and -conotoxin-GV IA (-CTx-GV IA, 3.5 M; Alomone Labs, Jerusalem, Israel). Nifedipine (5 M, Sigma) was diluted before each experiment from 1 mM stock solution in ethanol, which was stored in the dark at 4°C.
RESULTS

Effect of the NO donor SNP on macroscopic N-type currents
Human neuroblastoma IMR32 cells express various types of HVA Ca 2ϩ channels as well as LVA (T-type) channels, which are found with variable frequency during the first days of cell differ-entiation (Carbone et al., 1990; Grassi et al., 1994) . To isolate LVA currents, each depolarizing stimulus (Ϫ40 to ϩ50 mV) was preceded by a 30 msec prepulse at Ϫ40 mV from V h ϭ Ϫ90 mV (see Materials and Methods). This stimulation protocol allowed us to segregate the HVA currents, and the relative contributions of the channel types could then be identified by means of pharmacological blockade.
During depolarization at ϩ10 mV, blockade of L-type channels by nifedipine (5 M) reduced the peak HVA current by 10.0 Ϯ 2.4% (n ϭ 17) with respect to controls, and the residual Ba 2ϩ current was further diminished (reduction of Ն90%) by the application of 3.2 M -CTx-GVIA, which is a selective blocker of N channels (Kasai et al., 1987) . To confirm these findings, a second set of experiments was performed in which current densities were measured in controls and in cells pretreated for 10 min with 3.2 M -CTx-GVIA. Nifedipine (5 M) was used in both groups to maintain L-channel blockade. In the presence of both nifedipine and -CTx-GVIA, current density was 3.8 Ϯ 1.1 pA/pF (n ϭ 5) as opposed to 36.3 Ϯ 4.5 pA/pF (n ϭ 10) in controls treated with nifedipine alone. These results demonstrate that, under conditions of L-channel blockade, almost all of the HVA Ba 2ϩ current (ϳ90%) in IMR32 cells is carried through N-type Ca 2ϩ channels. This preparation was considered a good experimental model for investigation of NO-induced modulation of human N-type channels. Therefore, all of the data reported below were collected in experiments in which the occasional T-type current had been eliminated by means of prepulse depolarization and L channels had been blocked by 5 M nifedipine.
C ell exposure to the NO donor, SN P (200 M), consistently reduced H VA Ba 2ϩ currents, whereas T-type currents, when present, were not significantly affected (Fig. 1 ). The SN Pinduced effects appeared with a latency of 10 -20 sec, and the maximal decrease was reached after 4 -5 min of exposure. With respect to controls, the current was reduced by 34.1 Ϯ 1.5% (n ϭ 21; p Ͻ 0.01) after 3 min of SN P exposure and by 46.9 Ϯ 1.6% ( p Ͻ 0.001) 2 min later. After the removal of SN P, either there was a partial recovery (ranging from 7 to 14% of values measured at the end of drug exposure) or the current amplitude remained quite stable for 1-2 min during washout with standard external solution ( Fig. 1 B, C) . L ower SN P concentrations (20 M) produced milder inhibition (14.8 Ϯ 1.1% current reduction; n ϭ 7), and recovery during washout seemed to be somewhat more substantial, although given the limited inhibition produced and the amount of current rundown, this difference is not easy to quantif y.
Current activation and inactivation kinetics were not significantly affected by SNP. Time to peak at ϩ10 mV was, in fact, 6.9 Ϯ 0.5 msec (n ϭ 9) in controls and 6.5 Ϯ 0.6 msec in cells treated with the NO donor. The inactivation time constant at the same voltage was 58.3 Ϯ 1.5 msec in controls and 58.6 Ϯ 1.5 msec in the presence of SNP. Current inhibition in the same order of magnitude was induced by SNP at all voltages tested, and there was no significant shift in the peak of the current-voltage (I-V ) relationship (Fig. 2) .
To verify the specificity of the effects of SNP, we also evaluated current rundown under our experimental conditions. Recordings of 6 -8 min with the standard external solution, without addition of any drugs, revealed that the current amplitude remained stable for the first 3 min (95.1 Ϯ 2.1% of controls; n ϭ 5) and decreased slightly (to 88.6 Ϯ 4.0% of the control values) during the following 2 min. To minimize the possible confounding effects of current rundown in whole-cell recordings, we therefore chose to quantify the effects of all test compounds after 3 min of exposure. This approach, however, probably resulted in underestimation of the inhibitory effects of the NO donor and related compounds, and for this reason maximal effects observed after 5 min are also reported in most cases. Unless specified otherwise, the reported data refer to effects estimated at the end of the third minute of exposure to the test agent.
Application of 200 M SNP together with the NO scavenger carboxy-PTIO (300 M) failed to significantly reduce N-type current, providing further evidence of the specificity of the action of NO (Fig. 1C,D) . Peak current amplitude in the presence of these two compounds was, in fact, 88.5 Ϯ 1.5% (n ϭ 5) of controls. This value was significantly different ( p Ͻ 0.001) from that observed when the cells were exposed to SNP alone, whereas it was not significantly different from that produced by current rundown. C ell exposure to carboxy-P TIO alone had no significant effect on peak current amplitude (95.1 Ϯ 1.9%, n ϭ 5) (Fig. 1 D) .
The results of this first group of experiments suggest that the N-type Ca 2ϩ current inhibition induced by SNP is a specific effect of NO itself, unrelated to the actions of other SNP breakdown products or current rundown.
Second messengers mediating the NO-induced inhibition of N channels
We then attempted to determine whether the observed decrease in current amplitude was caused by a direct action exerted by NO on N-type Ca 2ϩ channels or the result of an increase in the intracellular levels of cGMP, which is known to mediate many biological effects of NO. In cells pretreated for 15 min with the potent and selective guanylate-cyclase inhibitor ODQ (10 M) (Garthwaite et al., 1995) , subsequent exposure to 200 M SNP and 10 M ODQ reduced Ba 2ϩ currents by only 10.6 Ϯ 3.0% (n ϭ 5), suggesting that guanylate cyclase activity is necessary for the action of SNP (Fig. 3) . The involvement of cGMP production in the observed N-current reduction was also supported by the results of experiments with the membrane-permeant cGMP analog, 8-Br-cGMP. At a concentration of 400 M, 8-Br-cGMP mimicked the effects of SNP, reducing Ba 2ϩ currents by 37.2 Ϯ 3.7% (n ϭ 7; p Ͻ 0.001) after 3 min and by 51.6 Ϯ 1.7% after 5 min. In cells pretreated for 20 min with the specific PKG inhibitor KT5823 (1 M) (Grider, 1993) , the application of 8-Br-cGMP together 1 M KT5823 produced a much more limited reduction in N-channel currents (13.4 Ϯ 2.6%; n ϭ 9). Similar results were obtained with another PKG inhibitor, Rp-8-pCPT-cGMPS (Ropero et al., 1999) . Combined exposure to 400 M 8-Br-cGMP and 20 M Rp-8-pCPT-cGMPS of cells that had already been incubated with the same PKG inhibitor (20 M) for 30 min reduced N-current amplitude by only 8.5 Ϯ 3.9% (n ϭ 5). In the absence of 8-Br-cGMP, neither KT5823 nor Rp-8-pCPT-cGMPS had any significant effect on the amplitude of Ba 2ϩ currents.
Single-channel parameters affected by cGMP
The previous groups of experiments showed that macroscopic N currents are markedly inhibited by NO via the cGMP/PKG pathway. To identify the single-channel parameters affected by this second-messenger cascade, we then reinvestigated the effects of 8-Br-cGMP in cell-attached patches of IMR32 cells.
Step depolarization at ϩ20 mV from V h ϭ Ϫ80 mV was delivered every 6 sec, and pipette solutions contained 100 mM BaCl 2 and 5 M nifedipine. In the presence of the L-channel blocker, N-channel activity could be recorded and clearly distinguished from that of other channels that might be found in the patch, using criteria reported in the literature (Carabelli et al., 1996; Elmslie, 1997) . Data collected from patches in which non-N-type activity was present were excluded from analysis. Before actual experiments, 6 -8 min recordings were made under control conditions in three patches. As shown in Figure 4 , N-channel activity remained stable, with no significant changes in the channel open probability.
When the effects of 8-Br-cGMP were tested, the cGMP analog (400 M) was applied through the external "zeroing" solution after a 1 min recording under control conditions, and the activity of available channels was usually evaluated during the following 5 min. Extracellular application of 8-Br-cGMP markedly reduced the open probability of N channels (Fig. 4) . In some of the patches (n ϭ 7), the activity of two or three Ca 2ϩ channels was recorded (n ϭ 4 and n ϭ 3, respectively), and in these cases the open probability was evaluated as NPo (see Materials and Methods). In particular, mean NPo values were obtained by averaging data collected over 30 sec periods. The decrease in NPo induced by 8-Br-cGMP was characterized by a variable latency (10 -50 sec), and the peak effect was usually reached in the following 2-3 min. Under control conditions, the mean NPo was 0.27 Ϯ 0.05 (n ϭ 7), Figure 2 . The magnitude of SN Pinduced inhibition is similar at all voltages tested. A, B, Representative traces recorded during depolarization at voltages ranging from Ϫ40 mV to ϩ50 mV in control and during application of 200 M SN P. As in Figure  1 B, current recordings during prepulse at Ϫ40 mV are not shown. C, Current-voltage relationships in control (f) and in the presence of SN P (E) were obtained by averaging data from n ϭ 7 cells. In each cell, current amplitudes at the different potentials are normalized to the peak current value at time 0 (ϭ1), expressed in arbitrary units. and its reduction was statistically significant after the first minute of 8-Br-cGMP exposure (F (2,6) ϭ 9.48; p Ͻ 0.01). The mean NPo in the presence of 8-Br-cGMP was thus calculated on the basis of data collected from the second through the fifth minutes of exposure. The result (0.11 Ϯ 0.01) represented a 59.3% reduction with respect to controls ( p Ͻ 0.001). The averaged current during cell exposure to 8-Br-cGMP was smaller in amplitude with respect to control, but it exhibited a similar time course (Fig. 4C) . A smaller, but still significant, NPo decrease (42.9%; i.e., from 0.28 Ϯ 0.05 to 0.16 Ϯ 0.02; p Ͻ 0.01) was also found when this parameter was plotted over time after exclusion of null traces (Fig. 4 F) . The null sweep probability was significantly increased, in fact, from 0.06 Ϯ 0.03 to 0.29 Ϯ 0.04 ( p Ͻ 0.01) during cell exposure to 8-Br-cGMP (Fig. 4G) . The magnitude of the inhibitory action of 8-Br-cGMP was similar at voltages ranging from ϩ10 to ϩ30 mV (Fig. 4 H) .
Channel conductance, evaluated by measuring current amplitudes at voltages ranging from ϩ10 to ϩ30 mV, was not significantly affected by 8-Br-cGMP application (slope conductance: 20.2 Ϯ 0.6 pS in the presence of the cGMP analog and 19.4 Ϯ 2.4 pS in controls) (Fig. 5) . In particular, current amplitudes under control conditions and during application of 8-Br-cGMP were, respectively, Ϫ1.35 Ϯ 0.03 and Ϫ1.34 Ϯ 0.04 pA at ϩ10 mV (n ϭ 4), Ϫ1.10 Ϯ 0.03 and Ϫ1.12 Ϯ 0.04 pA at ϩ20 mV (n ϭ 7), and Ϫ0.95 Ϯ 0.02 and Ϫ0.93 Ϯ 0.01 pA at ϩ30 mV (n ϭ 4). The amplitude distribution at ϩ20 mV in controls and 8-Br-cGMPexposed cells is shown in Figure 5A .
Plots of the open time distribution were fitted according to one exponential with o ϭ 1.12 msec in controls and 1.19 msec during 8-Br-cGMP application. Arithmetic means of open times were 1.28 Ϯ 0.02 msec in controls and 1.37 Ϯ 0.03 msec in the presence of 8-Br-cGMP when all data from 12 patches were pooled and 1.26 Ϯ 0.07 msec and 1.35 Ϯ 0.13 msec, respectively, when mean values obtained from each patch (n ϭ 12) were averaged.
In five patches, in which only single-channel activity was recorded, Po, shut time, and latency of first opening were studied during 500 msec depolarization at ϩ20 mV. 8-Br-cGMP decreased the Po by 54.5% (0.05 Ϯ 0.01 vs 0.11 Ϯ 0.01; p Ͻ 0.001) (Fig. 5D) , and this reduction was not very different from the NPo decrease reported above (59.3%), thus suggesting that 8-BrcGMP mainly affects N-channel gating (Po) rather than the number of available channels. In fact, most of its effects on Po are attributable to an increase in the null sweep probability together with a prolongation of closed times (Fig. 5 E, F ) . The closed time Figure 4 . 8-Br-cGM P markedly reduces the open probability of N channels in human neuroblastoma cells. A, Representative traces of N-channel activity recorded in a cell-attached patch containing more than one channel under control conditions (lef t) and during exposure to 400 M 8-Br-cGM P (right). Nifedipine (5 M) was present in the pipette solution to block L channels, and depolarization at ϩ20 mV was delivered from V h ϭ Ϫ80 mV. B, N Po versus time before (F) and during application of 8-Br-cGM P (E). Data plotted refer to the same patch shown in A, and horizontal bars indicate the selected traces presented in A. C, Averaged currents calculated over 10 sweeps in control and 40 sweeps with 8-Br-cGM P from the same patch shown in A and B. D, Mean changes in N Po induced by 400 M 8-Br-cGM P in seven patches containing two or three N channels. Filled column shows N Po value obtained by averaging data collected during 1 min recording under control conditions before application of the test agent. The open columns indicate mean N Po obtained by averaging the data collected in the seven studied patches over 30 sec periods. E, N Po versus time for a representative patch recorded under control conditions (i.e., in absence of test drugs) shows the absence of significant rundown. Mean N Po is 0.37 Ϯ 0.04 during the first minute and 0.33 Ϯ 0.02 during the second through the sixth minutes. F, The 8-Br-cGM P-induced decrease in N Po is estimated with and without inclusion of null sweeps (59.3 and 42.9% reduction, respectively). In F-H, filled columns indicate controls obtained by averaging data collected during 1 min recordings, and open columns show values obtained by averaging all the data collected from the second to the fifth minute of drug application. G, Marked increase in null sweep probability induced by 8-Br-cGM P with respect to control (0.29 Ϯ 0.04 vs 0.06 Ϯ 0.03). H, Mean values of N Po at ϩ10, ϩ20, and ϩ30 mV, the percentage decrease induced by 8-Br-cGM P being 60.3, 59.3, and 52.9%, respectively. distribution was fitted with a three-exponential function, all time constants being significantly prolonged by the cGMP analog. The mean C values derived from the fit (8.53 msec in controls, 14.47 msec with 8-Br-cGMP) compared well with those derived by averaging the closed times of all studied patches (9.44 Ϯ 0.67 msec in controls, 16.08 Ϯ 0.94 msec with 8-Br-cGMP). This finding reinforced the view that the prolongation of mean C is one of the main causes of the Po decrease induced by the cGMP analog.
The latency of first openings was not significantly affected by 8-Br-cGMP (18.6 Ϯ 2.8 msec vs 18.7 Ϯ 3.8 msec in controls).
DISCUSSION
In the present paper, we show that NO markedly inhibits N-type Ca 2ϩ channels in human neuroblastoma IMR32 cells by inducing an increase in intracellular levels of cGMP with consequent activation of protein kinase G. The SNP-induced decrease in the amplitude of macroscopic N-type currents was prevented, in fact, by the guanylate cyclase inhibitor ODQ, mimicked by membranepermeant cGMP, and virtually abolished by different PKG inhibitors. The specificity of these effects is confirmed by the absence of significant changes in current amplitude after application of SNP together with the NO scavenger carboxy-PTIO, as well as by the marked difference between SNP-induced inhibition and current rundown over the same time period. The SNP-induced inhibition was voltage independent, as shown by the similar magnitude of current reduction observed at the different voltages tested. The time course of the effects and the limited recovery observed during the first 2 min of washout are consistent with the reports of various investigators (Chen and Schofield, 1995; Chik et al., 1995; Tewari and Simard, 1997; Lang et al., 2000) . At the single-channel level, the inhibitory action of cGMP consists of a reduction of the open probability of available channels and an increase in the mean closed time. The latency of first openings, mean open times, and channel conductance are not significantly influenced. The inhibitory effect of the cGMP analog on the channel open probability (54 -59% inhibition) was slightly greater than that observed on macroscopic current amplitude after application of SNP or 8-Br-cGMP (reductions ranging from 34 to 52% of controls with the different tested agents at the third and the fifth minutes of drug application, respectively). This difference might be related to cell dialysis during whole-cell recordings, which could reduce the effectiveness of intracellular second messengers produced by NO donors. In chick ciliary ganglion neurons, Ca 2ϩ current inhibition induced by somatostatin and cGMP agonists differed under perforated-patch and whole-cell conditions, and the loss or inhibition of cGMP-dependent protein kinase in the latter experimental condition was suggested as a possible cause of these differences (Meriney et al., 1994) .
Data reported in this paper represent the first experimental evidence that the NO-induced second-messenger cascade inhibits N-type Ca 2ϩ channels by affecting channel gating. Similar effects are induced by NO donors and cGMP in L-type channels of neuroendocrine cells. In rat insulinoma RINm5F cells, SNP dose-dependently reduces HVA Ca 2ϩ currents (Grassi et al., 1999a) . Moreover, in single L channels of bovine chromaffin cells, exposure to either 200 M SNP or 400 M 8-Br-cGMP is followed by a decrease of nearly 60% in Po (Carabelli et al., 2002) . The findings that emerge from the present study also fit nicely with the NO-induced inhibition of L-type Ca 2ϩ channels that has been observed in various experimental models, although the mechanisms responsible for these effects may be different. NO has been reported to inhibit Ca 2ϩ channels either through a direct action consisting in S-nitrosylation of the channel protein (Hu et al., 1997; Summers et al., 1999) or by activating guanylate cyclase. The increase in cGMP levels can produce channel inhibition through activation of phosphodiesterase, with consequent downregulation of the cAMP/PKA-activating pathway or through protein kinase G [see references in Carabelli et al. (2002) ].
Our findings indicate that this latter mechanism is responsible for the NO-induced inhibition of both neuronal N channels and neuroendocrine L channels. Although most of the published data indicates that NO inhibits Ca 2ϩ currents, a few reports have suggested that N channels might actually be facilitated by this intracellular messenger. In particular, Chen and Schofield (1995) reported that NO increases Ca 2ϩ current amplitude in rat sympathetic neurons. However, it should be noted that although high extracellular concentrations (500 M) of the NO donors SNP and (Ϯ)S-nitroso-N-acetyl-penicillamine (SNAP) were used in this study, macroscopic currents were enhanced by only 9.9 Ϯ 3.0% and 16.6 Ϯ 3.7%, respectively. The effects of SNP were approximately halved by application of the guanylate cyclase inhibitor, methylene blue, thus suggesting an involvement of cGMP in the observed responses. Hirooka and coworkers (2000) reported a 21-23% increase in the macroscopic Ba 2ϩ currents of salamander retinal ganglion cells exposed to high concentrations (1 mM) of SNAP. This effect was mimicked by the cGMP analog, CPTcGMP, but 8-Br-cGMP failed to produce any change in current amplitude at concentrations as high as 1 mM. In a more recent study, however, NO donors were found to inhibit macroscopic N-type currents in dorsal root ganglion neurons (Yoshimura et al., 2001) . The apparent contradiction between these findings may be related to the experimental models used in the studies cited. First of all, the function and modulation of N channels are probably different in mammals and lower vertebrates, as also mentioned by Hirooka et al. (2000) . As far as mammalian neurons are concerned, studies performed on rat brain and sympathetic ganglia have highlighted the existence of different variants of the ␣ 1B subunit of N channels, each with distinct functional properties (Lin et al., 1999) . Functionally distinct cGMPdependent protein kinases have also been identified in neurons (Lohmann et al., 1997; Hofmann et al., 2000) . They can be either soluble or anchored at the plasma membrane and reportedly mediate a wide range of biological effects. It is thus plausible that the type of NO-induced modulation of N channels observed in a given experimental model depends in part on the specific N channel and G-kinase isoforms expressed in the preparation. Our data and those of Yoshimura et al. (2001) suggest, however, that the predominant effect of NO on the N channels in mammalian neurons is inhibitory, and this conclusion is consistent with the reported effects of this nonconventional transmitter on other HVA Ca 2ϩ channel types. It is interesting to consider the inhibition of N channels induced by the novel intercellular messenger NO in the context of the widely recognized and documented modulation of these channels by different classical neurotransmitters. Evidence has been accumulating that neurotransmitters induce voltage-dependent as well as voltage-independent modulation of calcium channels (Marchetti et al., 1986 ; for review, see Tsien et al., 1988; Carbone and Swandulla, 1989; Dolphin, 1995 Dolphin, , 1998 Zamponi et al., 1997; Dunlap and Ikeda, 1998) . G-protein-mediated inhibition of these channels is characterized by a slowing of the current activation kinetics, which has been attributed to a time-dependent recovery from voltage-dependent inhibition (Bean, 1989) . Strong membrane depolarizations can overcome this inhibitory effect by Ca 2ϩ channel facilitation consisting of changes in channel gating (Grassi and Lux, 1989; Elmslie et al., 1990; Delcour and Tsien, 1993; Carabelli et al., 1996; Lee and Elmslie, 2000) . In light of these findings, it is conceivable that the nonconventional transmitter NO might contribute in some manner to the downregulation of N channel Ca 2ϩ influx induced by classical neurotransmitters. NO differs from the latter molecules in terms of the mechanisms and channel sites of its action, and its effects are mediated by different second messengers. Nonetheless, the control of Ca 2ϩ flux through neuronal membrane probably involves their functional cooperation. The NO/cGMP/ PKG action reported in the present paper might thus represent a functionally relevant component of the complex mechanism regulating neurotransmitter release from nerve endings. Various types of HVA Ca 2ϩ channels are known to be involved in neurotransmitter release, with the contribution of N channels usually ranging from 20 to 30% (for review, see Dunlap et al., 1995; Catterall, 1998; Grassi et al., 1999b) . In postganglionic sympathetic fibers, N channels are primarily responsible for catecholamine release, and NO has been reported to inhibit both noradrenaline release from sympathetic nerve terminals and the vasoconstrictor response to adrenergic nerve stimulation (Tesfamariam et al., 1987; Greenberg et al., 1989) . Moreover, the SNP/cGMP/PKG pathway has been considered responsible for inhibition of glutamate release in rat hippocampal nerve terminals (Sequeira et al., 1999) . There is also evidence suggesting that NO can facilitate neurotransmitter release in some experimental models (Prast and Philippu, 1992; Herring and Paterson, 2001 ). It should be recalled, however, that in addition to its action on HVA Ca 2ϩ channels, NO also enhances calcium release from intracellular stores (Willmott et al., 1995; Stoyanovsky et al., 1997) , and the net result of these potentially contrasting effects may well depend on the experimental model used.
NO can be expected to exert its effects on N channels under a number of physiological and pathophysiological conditions that are associated with activation of NO synthase (NOS). This enzyme is widespread in both the CNS and PNS, and it has been identified in neurons as well as in glial cells [see references in Schuman and Madison (1994) and Rand and Li (1995) ]. Three different NOS isoforms have been described: neuronal and endothelial NOS, which are specifically activated by various biological signals that increase intracellular Ca 2ϩ levels, and the calcium-independent inducible isoform, the expression of which is induced by proinflammatory or ischemic stimuli [see references in Wiesinger (2001) ]. In addition to that produced by nervous and glial cells themselves, NO synthesized and released by vascular endothelium can also spread to neurons and affect their functions.
In conclusion, the data discussed above suggest that the NOinduced modulation of N-type channels reported in the present paper may play a significant functional role in all biological functions that are regulated by changes in calcium influx through plasma membrane and, above all, in the control of neurotransmitter release in both the CNS and PNS.
